A total of 1,080 barrows and gilts (PIC; 337 × Camborough, initial pen average BW of 25.2 ± 0.64 lb) were used in a 21-d trial to determine the standardized total tract digestible (STTD) P requirement of nursery pigs from 25 to 50 lb. Two groups of pigs were weaned at approximately 21 d and allotted to pens according to BW and gender. There were 6 replicate pens per treatment and 23 to 27 pigs per pen. Pens of pigs were randomly allotted to experimental diets based on average BW at d 21 and 24 post-weaning, in a randomized complete block design. The 7 dietary treatments consisted of 0.26, 0.30, 0.33, 0.38, 0.43, 0.48, and 0.53% STTD P. These values represented 80, 90, 100, 115, 130, 145, and 160% of the NRC (2012) requirement estimate for STTD P for pigs weighing between 25 to 55 lb, respectively. Two corn-soybean meal-based diets were formulated to contain 0.26 and 0.53% STTD P by increasing the inclusion of limestone and monocalcium phosphate at the expense of corn, maintaining a similar 1.17:1 to 1.18:1 total Ca:P ratio, with no phytase added to the diets. Diets were blended using a robotic feeding system to achieve the intermediate STTD P levels.
Summary A total of 1,080 barrows and gilts (PIC; 337 × Camborough, initial pen average BW of 25.2 ± 0.64 lb) were used in a 21-d trial to determine the standardized total tract digestible (STTD) P requirement of nursery pigs from 25 to 50 lb. Two groups of pigs were weaned at approximately 21 d and allotted to pens according to BW and gender. There were 6 replicate pens per treatment and 23 to 27 pigs per pen. Pens of pigs were randomly allotted to experimental diets based on average BW at d 21 and 24 post-weaning, in a randomized complete block design. The 7 dietary treatments consisted of 0.26, 0.30, 0.33, 0.38, 0.43, 0.48, and 0.53% STTD P. These values represented 80, 90, 100, 115, 130, 145 , and 160% of the NRC (2012) requirement estimate for STTD P for pigs weighing between 25 to 55 lb, respectively. Two corn-soybean meal-based diets were formulated to contain 0.26 and 0.53% STTD P by increasing the inclusion of limestone and monocalcium phosphate at the expense of corn, maintaining a similar 1.17:1 to 1.18:1 total Ca:P ratio, with no phytase added to the diets. Diets were blended using a robotic feeding system to achieve the intermediate STTD P levels.
Increasing STTD P improved ADG, ADFI, F/G, and final BW (linear, P < 0.001).
There was also a marginally significant quadratic response for F/G (P = 0.067), with the greatest improvement as STTD P was increased from 0.26% to 0.33%. Income over feed cost also improved linearly through 0.53% STTD P (P < 0.001). The grams of STTD P intake per day and grams of STTD P intake per kilogram of gain where growth rate reached a point of diminishing returns in response to increased STTD P were higher than the NRC 4 requirement estimates. For ADG, the linear model demonstrated best fit, estimating the maximum response at greater than 0.53% STTD P. For feed efficiency, modeled as G:F, the best-fitting models were the quadratic polynomial (QP) and broken-line linear (BLL). The QP model estimated the maximum at 0.43%,
Introduction
Phosphorus is the second most abundant mineral in the body after calcium. It is required for multiple biological functions such as energy metabolism, synthesis of nucleic acids, structure of cell membranes, and bone formation and mineralization. The requirement estimates of the NRC 4 for Standardized Total Tract Digestible (STTD) P are derived from a nutrient requirement model rather than empirical studies. Thus, determining the STTD P requirement of growing pigs remains an important issue in commercial pig production.
Phosphorus supplementation is typically associated with lower safety margins in swine diets compared to Ca. 5 This is likely driven by environmental and economic concerns. Phosphorus is considered the third most expensive component in swine diets after energy and protein. Current statistical modeling capabilities for dose-response studies have allowed for a more precise estimation of the minimum concentration of P needed to maximize growth performance and economics while minimizing P excretion. Therefore, the objective of this study was to determine the STTD P requirement for nursery pigs weighing approximately 25 to 55 lb housed under commercial conditions.
Procedures
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in this experiment. The study was conducted at a commercial research-nursery site in southwestern Minnesota. The facility was environmentally controlled and mechanically ventilated. One room was used containing 42 pens with completely slatted flooring and a deep pit for manure storage. Each pen was equipped with a 5-hole stainless steel dry self-feeder (SDI Industries, Alexandria, SD) and a pan waterer to allow ad libitum access to feed and water. The facility was equipped with a computerized feeding system (FeedPro; Feedlogic Corp., Willmar, MN) capable of blending and distributing diets to each pen as specified. Furthermore, the system can measure and record daily feed additions to individual pens.
A total of 1,080 barrows and gilts (PIC; 337 × Camborough, initial pen average BW of 25.2 ± 0.64 lb) were used in a 21-d growth trial. Two groups of pigs were weaned at approximately 21 d of age and placed into the nursery in two different days with a 3-d difference between them. Both groups were allotted to pens according to BW and gender. After weaning, they were fed a common pelleted diet for 7 d, followed by a common diet in meal form for 14 or 17 d, both formulated to be at the pigs' STTD P requirement based on the NRC 4 estimates. Pigs were weighed in pens, and pens were Swine Day 2017 ranked by average BW. This occurred 21 d post-weaning for one group and 24 d for the other group, and was considered d 0 of the trial. Pens were then randomly assigned to 1 of 7 dietary treatments in a randomized complete block design, with BW as a blocking factor. There were 6 replicate pens per treatment and 23 to 27 pigs per pen.
Two experimental corn-soybean meal-based diets were formulated (Table 1) to contain 0.26 and 0.53% STTD P and then were blended using the robotic feeding system to create the intermediate STTD P levels. The STTD P levels were achieved by increasing the inclusion of limestone and monocalcium phosphate at the expense of corn. A similar 1.17:1 to 1.18:1 total Ca:P ratio was maintained across dietary treatments, with no phytase added to the diets. The percentage of low and high STTD P blended to create the treatment diets were 100:0 Pens of pigs were weighed and feed disappearance was recorded on d 0, 7, 14, and 21 to determine ADG, ADFI, F/G, grams of STTD P intake per day, and grams of STTD P intake per kilogram of gain. The STTD P, based on formulated values, were multiplied by ADFI to calculate grams of STTD P intake per day. The total grams of STTD P intake, based on formulated values, were divided by total BW gain to calculate the grams of STTD P intake per kilogram of gain.
Representative samples of treatment diets were taken from 6 feeders per dietary treatment 3 d after the beginning and 3 d before the end of the trial and stored at -4°F. After blending, subsamples were analyzed for DM, CP, ash, ether extract, Ca, and P (Ward Laboratories, Inc., Kearney, NE, Table 2 ).
For the economic analysis, total feed cost per pig, cost per lb of gain, revenue, and income over feed cost (IOFC) were calculated. The total feed cost per pig was calculated by multiplying the ADFI by diet cost and the number of days it was fed. Cost per lb of gain was calculated by dividing the total feed cost per pig by the total lb gained overall. Revenue per pig was calculated by multiplying the ADG by the total days in the trial times the assumed live price of $47 per cwt. To calculate IOFC, total feed cost was subtracted from pig revenue. For all economic evaluations, price of ingredients during fall of 2016 was used; therefore, corn was valued at $3.30/bu ($152.50/ton), soybean meal at $300/ton, L-lysine HCL at $0.70/lb, DL-methionine at $1.66/lb, L-threonine at $0.98/lb, L-tryptophan at $4.09/lb, L-valine at $5.00/lb, monocalcium phosphate at $0.32/lb, and calcium carbonate at $0.02/lb.
The study consisted of a randomized complete block design, with pen as the experimental unit. Response variables were analyzed using general linear and non-linear models. Polynomial contrasts were implemented to evaluate the functional form of the dose response to increasing dietary STTD P on ADG, ADFI, BW, F/G, feed cost/pig, feed cost/lb of gain, total revenue/pig, IOFC, grams of STTD P intake per day, and grams of STTD P intake per kilogram of gain. The coefficients for the unequally spaced linear and quadratic contrasts were derived using the IML procedure in SAS. Statistical models were fitted using GLIMMIX procedure of SAS (Version 9.3, SAS Institute Inc., Cary, NC). Results were considered significant at P ≤ 0.05 and marginally significant at 0.05 ≤ P ≤ 0.10.
In addition, the effects of the STTD P levels on ADG and feed efficiency (modeled as gain to feed, G:F) were fit using GLIMMIX and NLMIXED procedure of SAS according to Gonçalves et al. 6 Models were expanded to account for heterogeneous residual variances when needed. Competing statistical models included a linear (LM), quadratic polynomial (QP), broken-line linear (BLL), and broken-line quadratic (BLQ). Dose response models were compared based on the Bayesian information criterion (BIC), where the smaller the value, the better. 7 A decrease in BIC greater than 2 was considered a significant improvement in fit. The 95% confidence interval of the estimated requirement to reach maximum performance or to reach plateau performance was computed. Results reported correspond to inferences yielded by the best fitting models.
Results and Discussion
Analysis of DM, CP, Ca, P, fat, and ash contents of experimental diets (Table 2) showed that all the values were reasonably consistent with formulated estimates.
Overall, increasing STTD P increased ADG, ADFI, F/G, and final BW (linear, P < 0.001; Table 3 ). There also was a marginal quadratic response for F/G (P < 0.067) with the greatest improvement in F/G as STTD P increased from 0.26 to 0.33%. Similarly, grams of STTD P intake per day and grams of STTD P intake per kilogram of gain increased linearly (P < 0.001). The grams of STTD P intake per day and grams of STTD P intake per kilogram of gain where growth rate reached a point of diminishing returns in response to increased STTD P were 3.52 g/d and 6.31 g/kg of gain at 0.43%. These values are greater than NRC 4 requirement estimates of 2.99 g/d and 5.11 g/kg of gain.
Feed cost per pig increased (linear, P < 0.001) as STTD P increased. On the contrary, feed cost per pound of gain was reduced in a quadratic manner with an estimated lowest at 0.33% STTD P (P < 0.049). Total revenue per pig increased through the highest STTD P (linear, P < 0.001), which is a result of the linear improvement in ADG and final BW. Similarly, IOFC increased through 0.53% STTD P (linear, P < 0.001).
Homogeneous variance was used for ADG models and heterogeneous variance was used for feed efficiency models. For ADG (Figure 1) , the best fitting model was the LM. The STTD P level for maximum ADG was estimated to be at least 0.53%. Based on the best fitting model, the estimated regression equation was ADG, lb = 0.98 + 0.55 × (STTD P). Feed efficiency (Figure 2) , modeled as G:F, had similar fitting models for the QP and BLL. The BLL plateau for G:F was estimated at 0.34% STTD P (95% CI: [0.30, 0.37%]). For the QP [G:F, g/kg = 456.59 + 1107.49 × (STTD P) -1307.16 × (STTD P) 2 ], the maximum G:F was estimated at 0.42% (95% CI: [0.36, >0.53%]), with 99% of maximum performance being achieved with 0.36% STTD P.
Overall, growth rate and economic variables improved in a linear fashion with increasing STTD P, while feed efficiency improved in a quadratic manner. Although feed cost increased with the increasing STTD P levels, the greater incremental value of the increased growth rate negated the increased diet cost. In conclusion, the estimated STTD P requirement for nursery pigs from 25 to 50 lb ranged from 0.34% to at least 0.53% depending on the response criteria and statistical model used, which indicates that the NRC 4 requirement estimate is lower than what is needed to optimize performance and economic return. Figure 1 . Fitted linear (LM) regression model on ADG as a function of increasing standardized total tract digestible (STTD) P in 25-to 50-lb pigs. The maximum mean ADG was estimated at greater than 0.53% STTD P. Based on the best fitting model, the estimated regression equation was ADG, lb = 0.98 + 0.55 × (STTD P). 
